Abstract-A flexible planar antennas using substrate gap structure (SG) technique to improve the performance of planar antennas in terms of reduces the reflection coefficient and the backward radiation are presented. Two types of probe-fed microstrip patch antennas are studied using FEKO software to quantify its contributions in terms of surface wave reduction, which is expected to results in reduces the reflection coefficient and the backward radiation. The choice of the microstrip patch antenna is due to its design simplicity, ease of fabrication and integration of the SG element. Simulations indicated that this technique enabled the improvements of reflection coefficients up to -32.27, 25.52 and -28.02 dB operating in the band 5.56, 6.11 and 8.73 GHz respectively. Besides that, the backward radiation is reduced to 7.28 and 27.2 dB at the resonant frequencies 3 and 7.11 GHz respectively.
INTRODUCTION
Antennas are one of the essential components of a wireless communication system [1] - [2] . Depending on the frequency used, its structure is most likely to occupy the largest space in these systems. Besides frequency, several other factors are accounted for in their design process, such as their size, weight, cost, performance, complexity of manufacturing and the capability of obtaining multiple frequency operations [3] - [4] . Two of the most investigated issues for antennas are methods in improving their performance in terms of gain and reducing back radiation [5] - [6] . One of the methods in enhancing gain of microstrip patch antenna is by partially removing the substrate around the patch [7] . This reduces losses caused by the use of the dielectric substrates with the suppressions of surface waves.
The surface wave propagation occurs whenever substrates with dielectric constants of greater than unity is used. These surface waves partially originated from the radiation of microstrip patch antennas [8] . Several techniques to suppress the propagation of surface waves have been proposed in literature, including modifications to the substrate, patch or ground plane. Besides that, the propagation of surface waves can also be suppressed through micro machining technology [9] , electromagnetic bandgap substrate materials [10] - [11] - [12] - [13] - [14] metamaterials substrate [15] , meta-surfaces [16] , etc.
The simplest method in implementing such structure is by replacing the patch's substrate with materials exhibiting permittivity close to air (unity), which is also known suspended patch antennas [17] . Spacing is created using materials such as foams to form air gaps required by this structure in practice, or by using support posts. Such structures may not be suitable for mass production due to their poor durability and fabrication complexity. Besides such structures, antenna gain can be further improved by using band gap structures. The surface waves can be blocked by periodic structures from transmitting in a specific range of band gap. To lower the dielectric constant of the substrate using such technique, the substrate has to be integrated with holes. The use of such concept lowers the dielectric constants and are more practical in simplifying fabrication [18] - [19] .
In this work, three multi-band microstrip patch antennas are presented, consisting of a square and octagon patches, a ground plane and substrate with rectangular gaps arranged in an array between the perfect electrical conductor (PEC) planes. The design of the antenna was carried on FR4 substrate with dielectric constant 4.4, loss tangent 0.002, the thickness of 3 mm and the size of the proposed antenna is 40.54 × 40.54 mm 2 . It is excited by coaxially by using a 50 Ω connector. Impedance matching is obtained for operating frequencies range for triple and quad bands operation. Details of the proposed antenna structure are described and analyzed using FEKO simulation software. Their results in terms of reflection coefficient, gain and backward radiation are presented and discussed. The effects of the substrate band-gap in different configurations on the gain of the antenna are also studied numerically.
II. LITERATURE REVIEW
The work in [20] presented an effective electromagnetic band gap (EBG) structures to model highly efficient rectangular patch antenna for wireless applications. The 453 EBG structure proposed in this paper mainly affects the far field of the antenna and improves the radiation patterns and the gain. Besides that, one of the important achievements is to reduce the size of the antenna.
The work in [21] proposed a low profile EBG to reduce the radar cross section (RCS) and enhance the gain for the patch antenna. Through this paper, the simulation outcomes show that RCS can be reduced more than 13dB at the resonant frequency of 11.2GHz by the proposed slotted EBG. Furthermore, the broadside gain can be obviously enhanced over the antenna operating frequency bandwidth from 10.55GHz to 12GHz (12.9%).
The work in [22] demonstrated the design procedure for mutual coupling reduction in a patch antenna array. A mutual coupling reduction of 10 dB is obtained using proposed EBG Structure. The proposed design is simulated using HFSS simulated software.
The work in [23] utilized a wearable substrate with additional EBG structure to be operated in ISM band. In this study, the specific absorption rate (SAR) has been measured. The EBG structure is helped to improve the gain and get a better result for SAR. CST studio software has been used for simulation the proposed antenna.
The work in [24] presented a compact patch array for Internet-of-things (IoT) application. A two via slot type electromagnetic band-gap (TVS-EBG) structure is used for mutual coupling reduction in patch antenna. The proposed structure has been designed using FR4 substrate with a dielectric constant of 4.4 and thickness of 1.60 mm. Experimental results show that 7.1 dB reduction of mutual coupling is obtained in patch array.
III. ANTENNA DESIGN The topology of the proposed antenna (antenna 2) with the modified substrate is shown in Fig. 1 , and it is compared with a conventional rectangular microstrip antenna (antenna 1). The proposed antenna is designed on a 3 mm thick FR4 substrate. Its dielectric constant is 4.4 and loss tangent is 0.002. The antenna operates from 2.69 to 8.73 GHz to potentially cover important wireless communication bands such as Wireless Local Area Network (WLAN) band and WIMAX [25] . To obtain its operation across the desired frequency range, both antennas are dimensioned using a square-shaped substrate and ground plane size of Ls = Lg × Ws = Wg = 40.54 × 40.54 mm. Meanwhile, the square patch for antenna 1 is sized at Lp× Wp = 24.54 × 24.54 mm. On the other hand, the center patch in Antenna 2 is dimensioned at D1 = 12.02 mm. It is surrounded by eight oval forms arranged around the center of the patch at different angles and intersected via another oval form with specific dimensions between each one of them. The proposed antenna is fed via a coaxial probe located at P = (0, 4) mm. The substrate of the proposed antenna is modified to be supported by rectangular shaped posts, each dimensioned at D5 × D6 = 3 × 2 mm 2 . These posts are arranged into a 5 × 5 array with a distance of D3 = 4.51 mm between them to form the bandgap layer. This layer's distance to the left or right edges of the ground plane is D4 = 3.75 mm, and its distance to the top or bottom edges is D2 = 4.25 mm.
IV. PERFORMANCE SIMULATION AND OPTIMIZATION
The structure is designed and optimized using FEKO software which is based on the method of moments (MOM). The mesh sizes of the structure were optimized to the maximum number of triangular edge lengths to result in results with high accuracy. Initially, the patch was simulated without the SG structure to observe the S-parameters of the antenna. Next, another simulation in the presence of the substrate bandgap structure is performed to study its effects on the other performance parameters of the antenna. The structure is optimized further using suitable meshes based on the method of moments.
The only available way to precisely analyze practical structures is to implement numerical techniques. The method of moments is one of them, particularly suitable for structures that are not too large in terms of the wavelength. The limits depend on the complexity of the structure analyzed, numerical implementation, and computer resources.
V. RESULTS AND DISCUSSION
Before real-time implementation, it is easy to simulate design via computer. FEKO software tool helps us to determine the backward radiation, reflection coefficient, and gain. This simulator also helps to reduce manufacturing costs because only the best performing antenna would be manufactured. The reflection coefficient results of the proposed antennas with SG and without SG are shown in Fig. 2. It's observed that the conventional patch antenna without SG operates at the resonant frequencies 2.69, 5.4, 6.15 and 7.97 GHz with the reflection coefficients of -11.73, -22.67, -11.41 and 17.35 dB respectively. Next, group of rectangular gaps are arranged as array and integrated with the substrate (antenna 1). A slightly influence is occurred by shifting the resonant frequencies to 2.76, 5.56, 6.29 and 8.18 GHz with a minimum reflection coefficient of -32.27 dB at 5.56 GHz. The last step of the design procedure is to reduce the patch size by using the octagon shape (antenna 2). As compared with the conventional antenna, the reflection coefficient at the resonant frequencies 3, 6.11 and 8.73 GHz are reduced up to -16.94, -25.52 and -28.02 respectively. All the results are summarized in Table I. The gain of the patch antenna with and without SG is shown in both of 3D view graph and polar graph (theta = 0 degrees and phi = 0 degrees) (see Fig. 3 and Fig. 4 respectively) and it is tabulated in Table II. Besides that, the following table gives the details of backward radiation in dB for all the resonant frequencies of the proposed antennas.
VI. CONCLUSION
This paper comprises the design of microstrip patch antennas integrated with substrate gaps structure for different applications operates in S, C and X bands. As the designed antennas are simple, cost-effective and compact in size, it facilitates helps to improvement in antennas performance. A maximum total gain of 8 dBi, backward radiation of -41.9 dB, reflection coefficient of -32.27 dB are obtained. These characteristics show that the structures are suitable for longdistance communication systems. The proposed designs have been simulated using FEKO software based on method of moment (MoM). 
